The study aimed to investigate the correlation between concentration of inhaled arsenic trioxide and dynamic changes in hematotoxicity in rats. Wistar rats were randomly divided into four study groups that were treated with saline (control) or arsenic trioxide at a low (0.1 mg/mL), medium (1 mg/mL), or high (10 mg/mL) dose by intratracheal instillation. Blood samples were collected for analysis at 6, 12, 24, 48, and 72 h after exposure. Compared with the control group, intratracheal instillation of arsenic trioxide affected hematopoietic differentiation in rats, leading to blood cell changes that were related to observation time and concentration.
Introduction
Arsenic has been classified as a class 1 carcinogen by the International Agency for Research on Cancer (IARC) [1] . Several studies have investigated the effects of oral arsenic exposure on health [2, 3] . In recent years, many cities in China have been exposed to a continuous haze that directly affects human health and travel safety [4, 5] . The main pollutant present in this haze is fine particulate matter (PM 2.5 ), and analysis of the composition of PM 2.5 identified that arsenic is one of the major pollutants [6] [7] [8] . Epidemiological studies have also found that various acute and chronic diseases are closely related to long-term exposure to environmental pollutants [1, [9] [10] [11] . The impact of acute exposure to high air concentrations of arsenic on the human blood system has not been determined. Therefore, establishing an animal model of respiratory exposure to arsenic can provide an experimental tool to explore the influence of this pollutant on the human blood system.
Materials and methods

Reagents and equipments
Arsenic trioxide (ATO; 100 mg/mL; batch number: 14041) was purchased from China Institute of Metrology (Beijing, China). Chloral hydrate (batch number: 20150303) was purchased from Sinopharm Chemical Reagent Co. (Beijing, China), and the MEK7222K automatic blood analyzer (Nihon Kohden, Japan) was provided by the Institute of Disease Control and Prevention of the Chinese People's Liberation Army.
Animal study groups
In total, 160 specific pathogen-free (SPF) Wistar rats weighting 100-150 g were purchased from the Experimental Animal Center of the Military Medical Science Academy of the Chinese People's Liberation Army, and the qualification number was 0023373. Using a random number table, the rats were randomly divided into four groups of 40 rats: the normal control group (CON), the low-dose group (LD), the medium-dose group (MD), and the high-dose group (HD). Each group was randomly divided into five subgroups of eight rats each, which were sampled at 6, 12, 24, 48, and 72 h after exposure. The rats were maintained in an SPF animal house at 22 ± 2°C for 1 week prior to the experiment, with a relative humidity of 50%-60%, a 12 h light/dark cycle, and ad libitum access to food and water. The study was approved by the Animal Ethics Committee of the Institute of Disease Control and Prevention of the Chinese People's Liberation Army.
Exposure and sampling methods
ATO was diluted to 0.1, 1.0, and 10.0 mg/mL with ultrapure water, and the pH was adjusted to 7.4 before use. The rats were anesthetized using 5% chloral hydrate, administered intraperitoneally at a dose of 0.75 mL/kg. Using a daily intratracheal instillation of 0.06 mL for 3 days, the CON group was treated with saline, whereas the LD, MD, and HD groups were treated with 0.1, 1.0, and 10.0 mg/mL ATO solution, respectively. Taking the last exposure time as the experimental starting point, blood (5 mL) was collected via the abdominal aorta into EDTA-K vacuum blood collection tubes at 6, 12, 24, 48, and 72 h and analyzed using a fully automated blood analyzer.
Statistical analyses
Analysis was conducted using SPSS 18.0. The results were expressed as the mean ± standard deviation. Groups were compared by one-way analysis of variance (ANOVA), followed by the Student-Newman-Keuls (SNK) post-hoc test. Pearson correlation analysis was used to analyze the relationship between blood cell parameters and concentration or time. Differences were considered to be statistically significant when P < 0.05.
Results
Dynamic effects of ATO exposure on erythroid parameters in rats
As shown in Figure 1 , the only significant change in the red blood cell (RBC) counts was observed in the HD group after 48 h, and no significant group differences in hemoglobin (HGB) levels were observed. However, significant differences were observed in the rat RBC volume distribution width (RDW). This value was significantly reduced (P < 0.01, versus CON) in the LD group at 24 h; this effect was also present at 48 h (P < 0.05) and had disappeared by 72 h. RDW was also significantly lower in the MD group than in the CON group at 6 h (P < 0.05), 24 h (P < 0.01), and 48 h (P < 0.05), with no significant difference relative to CON at 12 h and 72 h. In the HD group, RDW was significantly decreased at 12 h (P < 0.01), and this effect was observed for up to 48 h. Figure 2 shows that there were significant reductions in platelet (PLT) counts in the HD group 6 h after exposure, as compared with the CON group (P < 0.01); this difference had disappeared by 24 h. In contrast, sustained and significant decreases in PLT counts (P < 0.01) were observed in the LD and MD groups from 6 h to 12 h after exposure, and these had returned to the CON level by 24 h.
Dynamic effects of ATO exposure on rat platelet parameters
The mean PLT volume (MPV) was significantly smaller both in the HD and MD groups than in the CON group at 24 h, (P < 0.01), and the same change appeared at 72 h. In the LD group, a reduced MPV was observed at 12 h (P < 0.05) and at 24 h (P < 0.01). Figure 3 shows that the white blood cell (WBC) counts were significantly reduced in the LD, MD, and HD groups at 6 h after exposure, as compared to the CON group (P < 0.05). This difference had disappeared by 24 h in the LD group, by 72 h in the MD group, and by 48 h in the HD group. Compared with the CON group, the lymphocyte (LYM) counts were significantly lower in the LD and MD groups at 6 h (P < 0.01); this difference had disappeared by 24 h in the LD group and by 48 h in the MD group. The LYM count also decreased significantly (P < 0.05) in the HD group from 6 h to 48 h, with the most significant change at 24 h (P < 0.01). The neutrophil (NEUT) counts in the LD, MD, and HD groups had decreased significantly by 6 h after exposure. This change was the most significant in the HD group (P < 0.01) and was still apparent at 72 h, whereas the LD and MD groups had returned to the CON level at 72 h.
Dynamic effects of ATO exposure on leukocyte parameters in rats
Monocyte (MON) counts were not altered over time in the LD group, whereas they significantly decreased in the MD group at 48 h (P < 0.05) and in the HD group at 6 h (P < 0.01), 12 h, and 48 h (P < 0.05).
At each time point, low basophil (BAS) and eosinophil (EOS) levels were observed in the study groups. LYMs and MONs, therefore, accounted for a large proportion of the WBCs, with relatively fewer NEUTs, BASs, and EOSs. Table 1 shows that the RDW at 12 h and 72 h and the proportion of NEUTs at 72 h were highly correlated with the exposure concentration (Pearson |r| > 0.7, P < 0.05). The proportion of LYM, PLT count, and MPV showed a moderate correlation with the exposure concentration at 6 h (0.4 ≤ |r| ≤ 0.7, P < 0.05). The data presented in Table 2 show that the proportion of NEUTs in the LD group and the PLT count and MPV in the MD group were highly correlated with the observation time after exposure (Pearson |r| > 0.7, P < 0.05). The RBC count in the LD group and the LYM count and LYM% in the MD group showed a moderate correlation with exposure concentration (0.4 ≤ |r| ≤ 0.7, P < 0.05). In the CON group, the RDW and MPV showed a moderate correlation with observation time (0.4 ≤ |r| ≤ 0.7, P < 0.05).
Correlation between hematotoxicity and ATO exposure level
Discussion
Previous studies have shown that ATO is absorbed into the bloodstream, where it binds with HGB and is rapidly distributed to tissues and organs [12, 13] . Routine clinical erythrocyte analyses include seven parameters [14] : RBC count, HGB, hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular HGB (MCH), mean corpuscular HGB concentration (MCHC), and RDW. The RBC count and HGB are absolute values that serve as important indicators of anemia, whereas the HCT expresses RBC as a percentage of the whole blood volume, reflecting the ratio of RBC to plasma. The MCV, MCH, and MCHC are calculated from the RBC count, HGB, and HCT. The RDW is the coefficient of variation in RBC volume, reflecting the heterogeneity of this parameter. The present study found no significant changes in the RBC count or HGB following ATO exposure; however, the absolute value decreased. The RDW showed little change among the different groups. The first among the possible reasons for these findings is that the total amount of arsenic entering the body by respiration was limited [15] ; second, the differentiation of RBCs in the bone marrow hematopoietic system fully compensated for the effects of the arsenic; third, arsenic induced eryptosis was characterized by cell shrinkage [16] ; and lastly, the effects on differentiation of bone marrow erythrocytes
had not yet appeared [17] . In contrast to the results reported by Luo et al. [18] , RDW was significantly decreased in the HD group at 12 h. It is likely that because arsenic and phosphorus are of the same group and have the same valence state, they have a competitive relationship in metabolism and that arsenic thus directly inhibits ATPase activity on the erythrocyte membrane, affecting glucose metabolism, and then affecting the morphology of RBCs [19, 20] . Although the decrease in RDW was not considered to be clinically significant, this change still warrants further investigation. PLTs are small cell fragments that are cleaved from the cytoplasm of mature megakaryocytes. PLTs play important roles in physiological and pathological processes, such as hemostasis, wound healing, inflammatory reactions, thrombosis, and organ transplantation rejection [21] . The present study found a very significant decline in the 6 h PLT counts in all groups exposed to ATO, which gradually recovered over time. The MPV is used to assess bleeding tendency and changes in bone marrow hematopoietic function. We found a significantly lower MPV in the ATO-exposed groups at 24 h after exposure, with subsequent gradual recovery. Combined with the change in PLT count, this indicated that ATO inhibited PLT differentiation within the bone marrow hematopoietic system, resulting in reduced production of PLT, morphological changes, and apoptosis [22] . Although the MPV decreased significantly in the MD and HD groups at 72 h, it was presumed that this was due to an incidental increase in the MPV in the CON group at this time point.
In general, WBCs can be divided into five groups according to their morphology, function, and origin: LYMs, MONs, NEUTs, EOSs, and BASs [23] . The main function of WBCs is the phagocytosis of bacteria and the prevention of disease. When bacteria invade the human body, WBCs can cross capillary walls by deformation, thus surrounding and engulfing pathogens. The present study found significantly reduced numbers of WBCs in rats exposed to ATO after 6 h. We also found that the changes in LYM counts showed basically the same trends as the changes in WBCs. LYMs are produced by lymphoid organs and represent an important component of the immune system, playing important roles in cellular and humoral immunity. We found that LYM and NEUT counts showed different degrees of decline after ATO exposure, resulting in an increased percentage of LYMs and a decreased percentage of NEUTs. The reason for this is unclear but we speculate that human exposure to arsenic induces oxidative damage in LYMs [24] . Additionally, ATO exposure may cause immune inhibition in rats, leading to changes in the LYM and NEUT populations [25] . MONs are an important component of the immune system because they can also destroy invading pathogens by phagocytosis and antibody production. After ATO exposure, MON levels were also reduced, presumably due to association with inflammation [26] .
Some of the ATO exposure-associated changes in blood cell parameters were correlated with the concentration of ATO and observation time. For example, the MPV at 12 h was highly correlated with the exposure concentration, and the percentage of NEUTs in the LD group was highly correlated with the time after exposure. This indicated that higher concentrations of ATO had a greater effect on blood cell differentiation, and that these effects declined over time. It is worth noting that the RDW and MPV values in the CON group showed a moderate correlation with the observation time. This may reflect an effect of the exposure method used in this experiment, which was through a soft-sleeve protection needle inserted directly through the mouth into the trachea. The CON group received normal saline, which could also have had a slight impact on the lungs, initiating a stress response and leading to blood parameter changes [27] .
This study indicated that even limited respiratory tract ATO exposure changed rat blood parameters within a short period, and that some of these changes lasted for at least 72 h. These hematological changes were related to the concentration of ATO and the observation time. These findings indicate that further study of the ATO toxicity threshold, duration, and mechanism following inhalation exposure is warranted in experimental animals. 
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